Introduction 1
Air quality in SEA is affected by multiple emission sources, including combustion of fossil 2 fuels for power generation, transportation and industrial processes, biomass burning, and of Indonesian biomass burning to the levels of PM in other countries within SEA in relation to 8 local air pollution sources remains poorly known. 9
We carried out ambient measurements of total suspended particulate matter (TSP) and its 10 chemical composition in Singapore during a haze episode in 2006. The objectives of this 11 research include: (1) to identify suitable organic molecular tracers for studying the influence 12 of peat and biomass fires on regional air quality, and (2) to quantitatively estimate the 13 fractional contribution of these fires to the atmospheric PM loading at a strategically located 14 downwind site based on chemical mass balance modeling. filters used in this study were inspected for defects under bright illumination and were 28 handled with a pair of stainless steel forceps. The TSP filters were folded in half lengthwise 29 after sampling, so that only surfaces with collected particulate matter were in contact, when 30 placed in the filter holder (glassine envelope). The filters were pre-equilibrated in a dry box at 31 constant temperature (22-25 °C) and relative humidity (30-35%) for at least 24 h before 1 weighing. The filters were weighed on a microbalance (model MC5, Sartorius AG, 2
Goettingen, Germany) with a sensitivity of 0.0001 mg. The balance was regularly checked 3 with NIST-traceable standard calibrated weights. The pre-and post-sampling weights were 4 used to obtain the particulate mass collected on the filters. All filters were stored in a 5 refrigerator at 4 °C until analysis. Two field blank filters, one during each observation period, 6
were collected by placing the filters in the sampler for a day without running the sampler and 7 processed together with filter samples. 8
Chemical Analyses 9
The TSP filter samples were subjected to a series of chemical analyses, including 10 quantification of the common inorganic ions, trace metals and various organic species. Blank 11 filters were processed according to the same procedures as the sample filters, and the blank 12 values were used to correct the ambient concentrations of the individual chemical species, 13 provided that the blank values were above the method detection limits. and 100 μg L −1 ) was performed for 13 elements, and the regression coefficients for all 11 29 elements were better than 0.999. The coefficient of variations for the 13 elements was found 30 to be less than 5% (n = 10) at 5 μg L −1 concentration level. Sample handling and preparation 31
were carried out in a laminar flow hood equipped with a HEPA (high-efficiency particulate 32 air) filter to prevent contamination. In all experiments, reagent blanks were taken separately. 
TSP mass balance 1
Average concentrations of EC, OC, PAHs, ions, and trace elements are presented in Table 1 high OC/EC ratios can also be due to contributions of organic species derived from biogenic 26 sources and secondary organic aerosol (SOA) in particular; however, the source strength of 27 such processes is expected to be fairly constant throughout the year at a tropical location such 28
as Singapore. Therefore, the substantially higher OC/EC ratios observed during the haze 29 period (compared to clear days) confirmed the significant contributions of carbonaceous 30 material derived from biomass burning. 31
Chemical Speciation of TSP 1
As presented in Table 1 did not show much increase during the haze period. Levoglucosan is a source-specific tracer 24 for biomass burning, as it is generated during thermal breakdown of cellulose and 25 hemicellulose molecules. Potassium, on the other hand, can be derived from various emission 26 sources, including biomass burning, but also from cooking, vegetation, sea salt and soil, 27 especially in the coarse particle fraction. Since in this study we collected TSP, there is a 28 likely substantial contribution of potassium from other sources than biomass burning, i.e., sea 29 salt and soil, for which we did not apply a correction. Thus, the increase in potassium 30 concentrations during the haze episode is not expected to be as large as that for levoglucosan. 31
The inspection of the relative abundance of individual tracers revealed characteristic patterns, 1 which can be used to distinguish periods with smoke influence from the clear days. LG/MN ratios range from 15 to 25 and those for rice straw are even higher (~40). Unlike 7 during the clear days, the LG/MN ratios showed very little variation throughout the haze 8 episode, implying that only one specific biomass type or a steady mix of species was subject 9 to burning. The average LG/MN ratio (10) Similarly, Flt/(FIt + Pyr) < 0.4 is attributable to unburned petroleum, and a ratio at and above 32 0.5 indicates coal, grass and wood combustion origins, while ratios between 0.4 -0.5 indicate 1 liquid fossil fuel combustion (Yunker et al., 2002) . In this study the ratios of Ind/(Ind + 2 B(g,h,i)P) and Flt/(FIt + Pyr) were found to be in the range of 0.51 -0.57 and 0.47 -0.55 3 respectively during haze days, while they ranged from 0.41 -0.47 and 0.40 -0.45 during 4 clear days, suggesting that the dominant contributor is biomass burning during the hazy 5 period and local sources, such as ships and diesel engines, during clear days. 6 All of the common inorganic ions were present at higher levels in TSP during the haze period, 7 with enhancements of up to one order of magnitude in some cases (e.g., ammonium). Aside 8 from ammonium, potassium and nitrate also showed significantly higher ambient 9 concentrations in the haze versus clear periods, confirming the strong influence of biomass 10 burning activities on the local aerosol burden. 11
During the haze period, dicarboxylic acids (succinate, malonate, glutarate and oxalate) were 12 much more abundant than monocarboxylic acids (acetate and formate); oxalate was the 13 predominant dicarboxylic acid. Analogous to other organic species, the mass concentrations 14 of organic acids observed during the haze period were much higher than those obtained 15 during the clear days, suggesting that biomass burning is an important source of organic acids. Fe, and Ti were the most abundant trace metals found in haze samples. The substantial 28 increase in the metallic species concentrations seems to be associated with re-mobilization of 29 local soils via the air medium upon high-temperature combustion of the peat/vegetation, as 30 these three metals are also the top three most abundant metals in the Earth's crust (Lide, 31 2005) . As for copper, total Cu concentrations during the haze period were 30 times higher on 32 average compared to those on clear days. This phenomenon may be due to the strong fixation 1 ability of water-soluble copper compounds by rich humic and fulvic acids in the peat soils 2 (Mutert et al., 1999) ; upon combustion, this part of copper can be subsequently discharged 3 into the ambient air. The low solubility of this metal could be due to the chemical form in 4
which it exists such as metal oxides produced during high-temperature combustion. These 5 oxides are in general less soluble as compared to metal nitrates/sulphates. There is a copper 6 mine (Beutong mine, one of the largest copper mine in Indonesia) in the Sumatra region 7 where peat fires occurred during the haze episode which could be one of the additional 8 sources of copper apart from peat emissions. However, whether or not the soil in this local 9 area contains high concentration of copper needs to be further investigated. In addition, the 10 water-soluble fraction of most metals was larger by factors of 5 or more during haze versus 11 clear periods. This could be due to strong (more effective) attachment of organic matter to the 12 metals in the newly formed particles emitted during biomass burning processes. As mentioned 13 earlier, organic acids were much more enriched in the haze aerosols than those on clear days. bound metals using a sequential extraction procedure. This investigation will account for (1) 22 soluble and exchangeable metals; (2) carbonates, oxides, and reducible metals; (3) metals 23 bound to organic matter, oxidizable and sulfidic metals; and (4) residual metals, while the 24 current study quantified only the soluble and exchangeable metals. The outcome of the 25 investigation will be published elsewhere. 26
Source Apportionment 27
Contributions of particulate matter from the different emission sources can be assessed by a 28 variety of methods. As a large number of chemical species was quantified in the TSP samples 29 as part of this study, the chemical mass balance (CMB) modeling approach was applied here, 30 providing reliable estimates of the individual sources (Watson et al., 2002) . Figure 4 shows 31 the relative source contributions to ambient TSP at the sampling site during haze and clear 32 days. The CMB performance measure indices are all within the target ranges recommended 1 by the U.S. EPA (r 2 : 0.8 -1; χ 2 : 0 -4; % mass: 80 -120%; degrees of freedom > 5, t-stat > 2 2 for all the contribution sources). The major pollution sources that affected the air quality at 3 the sampling site were identified to be peat fires, diesel exhaust, petroleum refineries, ships, 4 and power plants during the sampling period. From Figure 4 , it can be seen that diesel 5 exhaust was the dominating source on a typical clear day. The sampling site is remotely 6 located away from the main land of Singapore, so that the power supply for the entire island is 7 provided by diesel generators which could be the reason for the diesel exhaust to be a major 8 contributor to PM (~62%) at the sampling site. Ships pass by the island to reach the Singapore 9 port also contributed to TSP (27%), followed by a nearby petroleum refinery (~6%) and 10 power plants (~5%). During the haze episode, peat fires in Indonesia were the predominant 11 source (~76%) of TSP followed by diesel exhaust (19%), and ship emissions (~5%). 12 13
Conclusions 14
In this study, the impact of a major smoke haze episode, caused by biomass burning and peat 15 fires in Indonesia, on regional air quality in Singapore was investigated during autumn of 16
2006. It was observed that the TSP concentration increased by a factor of 3.5 with the major 17 contribution from the carbonaceous fraction (~43%) during the haze episode when compared 18 to clear days (carbonaceous fraction ~25%). Very high OC/EC ratios (15.5), concentrations of 19 organic acids, PAHs, and trace metals, especially Cu, Al, Fe and Ti, in TSP observed during 20 the haze period reveal the impact of Indonesian biomass burning activities on regional air 21 quality in SEA. Enhancement in the concentrations of organic molecular tracers of biomass 22 burning, as well as a diagnostic ratio of LG/MN of 10 observed during the haze period is in 23 excellent agreement with the laboratory data from controlled peat combustion, confirming the 24 biomass burning source to be the peat lands in Indonesia. Similarly, the diagnostic ratios of 25 PAH species indicate that the TSP during the haze period was predominantly influenced by 26 biomass burning while it was mainly influenced by local fossil fuel combustion and diesel 27 engine emissions during clear days. Source apportionment using the CMB model indicated 28 that on clear days, TSP at the sampling location was mainly derived from exhaust (~62%) 29 from local diesel generators which is the only source of power on the Island, followed by 30 ships (27%), petroleum refinery (~6%) and power plants (~5%). On the other hand, during the 31 haze period nearly 76% of the TSP was derived from peat fires in Indonesia, reducing the 32 source contribution of diesel exhaust and ship emissions at the sampling site to 19% and 5%, 
